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SUMMARY 


A Blmulfttion study wan undertaken to evaluate two time-based self-ap^inq tech- 
niques for in- trail foUowinq during terminal-area-approach operations, TOe tests 
wore conducted in a fixed-base cockpit simulator 

transport aircraft. An electronic traffic display was provided in 
scow location, Ihe self-spacing cues displayed on the electronic traffic display 
allowed the pilot of the simulated aircraft to follow and to maintai^ spacing o" 
another aircraft which was being vectored by air traffic control (ATC) for landing in 
a high-density terminal area environment. Separation performance data and pilot 
subjective ratings and comments were obtained during the study. 

Right unique approaches representative of the aircraft vectoring used at 
Stapleton international Airport in Denver, Colorado, were flown and 
simulator for use as target aircraft. The test subjects flew approaches following 
each of these prerecorded targets using constant-time-predictor and constant-time- 
delay spacing display formats. These time-based self -spacing techniques provided a 
spacing distance which was increasingly compressed as both aircraft descended and 
decelerated during the approach. In addition, the target aircraft left a tra 1 o 
past-position dots on the electronic traffic display of the pilot s aircraft, which 
described the horiaontal path for the pilot to follow. 

Results of the study indicate that the information provided on the traffic dis- 
play was adequate for the test subjects to accurately follow the approach ^th of 
another aircraft without the assistance of ATC. Pilot comments indicate 
workload associated with the self-separation task was high. Location of the traffic 
display in the weather radarscope position and the sensitive manual control system of 
the^slmulator contributed to the high-workload condition. Pilot comments father 
indicate that additional spacing command information and/or aircraft autopilot 
functions would be desirable for operational implementation of the self-spacing task. 

Analysis of the separation performance data revealed some significant differ- 
ences between the constant-time-predictor and constant-tlme-delay spacing techniques. 
Ihe spacing cue Implemented for the conatant-tiroe-delay spacing technique produced a 
significantly lower dispersion in displayed spacing error. ' 

measured in terms of deviations from ideal spacing, was not *4.- 

for the two spacing techniques. The constant-time-pradletor technique exhibited 

inherent problem of requiring the pilot's aircraft to fly an 
than the lead aircraft. For the particular profiles flown in this 

constant-time-predictor runs averaged 10 sec longer than the same runs using constant 
time delay. 


INTRODUCTION 

The combination of air traffic demands and airport capacity 
resulted in costly delays in take-off and landing for aircraft and in high workload 
levels for air traffic controllers. Solutions to these probler^ are necessary in 
order to improve controller productivity and to allow for the future gr^th of the 
air transportation system projected by the Federal Aviation Administration, One 


mnthod which has hnen cited ae a poefllble means to reduce controller workload and to 
improve airport capacity la to allow qreater participation of pllota in the air traf- 
fic control (ATC) procoHa, 

The concept of cockpit display of traffic information (CDTI) has the potantlal 
for providinq the pilot with the traffic information neeeaaary to perform some ATC 
functlona. Previous studies involving airborne traffic displays have Identified many 
areas where active use of CDTI may have beneficial applications (ref. 1). Pilot 
control of in-trail spacing during approach to landing has been suggeated as a means 
to Increase airport capacity by reducing the dispersion In aircraft spaaing at the 
runway threshold. Addition of spacing information to the CDTI gives the pilot the 
capability to perform the in-trall spacing task. The nature of this display informa- 
tion, the pilot’s ability to successfully us© the display to perform the spacing 
task, and the resulting effects on overall system efficiency and safety are subjects 
of continuing research. 

The primary objective of this study was to evaluate two time-based self-spacing 
techniques used during approach to landing operations in a hlgh-density terminal area 
environment. The spacing techniques were chosen to provide a naturally compressing 
spacing Interval as the aircraft decelerated during the approach. The primary pilot 
task was to maintain the specified spacing interval behind a lead aircraft which was 
being vectored to the landing runway by ground ATC. Pilot performance In maintaining 
precise spacing intervals as well as subjective analysis of the workload associated 
with the self-spacing task were principal measures in the evaluation. 


RESEARCH SYSTEM 
Simulator Description 

This study was conducted with a fixed-base cockpit simulator configured as a 
conventional, two-engine jet transport aircraft (fig. 1). The four throttle controls 
present in the cockpit were mechanically pinned together in pairs to represent the 
two-engine configuration. The aircraft dynamics modeled for the simulation were 
those of a Boeing 737. Nonlinear aerodynamic data and atmospheric effects were 
included in the simulation model. The host computer for the simulation was a CDC® 
CYBER 175 system, which contained the aircraft dynamics, navigation, and flight- 
director algorithms. Conventional navigation instruments, which included horizontal- 
situation indicators, flight director, and distance measuring equipment (DME), were 
provided in the cockpit. Plight instrumentation consisted of standard instruments 
required for manual flight control? however, no autopilot or automatic flight-control 
systems were provided to the pilot. In addition, no attempt was made to duplicate 
any specific aircraft cockpit confisiuratlon or control-force-feel characteristics. 


Traffic Generation Scheme 

The displayed traffic was generated from data previously recorded using the 
Langley Flight Simulation Computing Subsystem. Specifically, the traffic data were 
created by using a capability of the piloted simulation wherein flights were made 
along various routes that corresponded to the airway structure prescribed by the test 
scenarios. These individual flights were recorded and then merged into a set of data 
that was correlated for position and time. The output of these merged data was the 
representation of numerous airplanes following several flight paths. A description 
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of th® wtuftX traffic aoanarioa uaed in this study is oontainad in tha "Air Traffic 
Scenario" seotton. 


EXPERIMENT DESCRIPTION 
CDTl Description 

The instrument used for the CDTI for this study was a monochrome, 875- Un^ 
raster-scan cathode-ray tube (CRT) located behind the throttle quadrant as shovm in 
na^l 1 ? tS!s lo«tiL corresponds to the normal location for a weather radar dis- 
play on most conventionally equipped transport aircraft. m»e CRT measw 
across the diagonal with a display area approximately 6 in. high by 6 in. wide used 

for the CDTl information. 

The traffic information was presented on this display in a horizontal plan view 
superimposed on a map display. The map information provided simplified route struc- 
ture and navigation way points for the approach patterns to runway 26L at Stapleton 
Airport In D.o«r, Colorado (fig. 2). » .olid lln. .aa drawn fro. an 

entry corner post toward Denver VORTAC to indicate the initial approach radial that 
the pilot's aircraft would be flying. Approach radlals from the other three co^n*** 
posts were drawn aa dashed lines to indicate alternate approaches 

might be following. A second solid line was drawn along the extended centerline of 
ruLay 26L, through the outer marker (LOM) and WATKI navigation way points, to hlgh- 
uS^t^he kn^J approach path to the runway. In addition, short straight ^nes were 
drLn on the display depicting the main runway complex at Stapleton. The 
was oriented with the ground track of the pilot's aircraft being 
continuous movement of the map Information about a fixed 

map scales, ranging from 1.0 to 32.0 n.mi./in., were available to and controllable by 
the test subjects. 

Figures 3(a) and 3(b) illustrate the CDTl format as it appeared in the cockpit 
for the two spacing techniques used in this study, in these figures, the pilot s 
Srcr7ft is on a downwind segment of the approach, with the extended 
runway 26L shown on the right side of the display. The runway complex is located in 
the lower right-hand corner of the display in these figures. 

Traffic aircraft were displayed on the CDTl referenced to the map display. 

Unlike the map, the traffic data were not updated continuously but at 4-sec intervals 
to approximate the update interval for data obtained using a 

surveillance radar. Between updates, the traffic symbology remained fixed on the 
moving map and then Jumped to its new position at the update. 

The traffic symbology was obtained from reference 2 and was the same as that 
used Jl: ref«eices"5 and 4. Figure 4 illustrate, this s^bology f 
provided to the pilot concerning the aircraft traffic. Aircraft «dthin ±500 ft altl 
Lde were considered "at" the altitude of the pilot's aircraft. The straight-line 
trend vector on the traffic symbol indicated where the traffic would move in 60 sec 
at its current ground speed and heading. The alphanumeric data blocks provided iden- 
tification, beawn-reported pressure altitude, and ground-speed 

traffic. The trend vectors and data blocks were tndeiendently selectable by the test 
subject at any time during a run. Selection of either option resulted in that oPjion 
LpLring for^all the displayed traffic. The alphanumeric characters and the 
were of Lnstant sizes independent of map scale. It should be 

of the alphanumeric characters in the traffic data blocks were not the same as in 


raferenaan i And 4* Th« numViera providing tha altitude and ground-apaad information 
were enlarged to facilitate readability* ihe traffic idantlflera remained the 
emallar alise In order to minimise the overall dlaplay clutter. 

The lead aircraft* which the pllot'a aircraft wan inatructed to follow* created 
an additional dlaplay feature on tha pilot* a CDTI conalating of a trail of poaitlon 
dote Indicating the lead-aircraft ground-tracK hlatory over a apeclfled time Inter- 
val, ■me poaitlon dota repreaented the location of the lead aircraft at each 4-aec 
U])date for the prevloue ao-eec time period. For the oonatant-time-delay apaclng 
caHea* a atralght line perpendicular to the lead-aircraft ground track wae drawn 
through the ao-eec-poeltlon dot on tha lead-aircraft trail to provide an eaey refer- 
ence |;)oint for the self-spacing task, (See fig, 3(a),) h predictor vector extending 
from tha own-aircraft ayrabol provided the pilot with an indication of the ground 
track hie aircraft would follow at the current turn rate. The length of the vector 
was baaed on the distance the pilot’s aircraft would travel in 80 sec at its current 
ground speed. For the constant-time-predictor apaclng cases* an arc was drawn at the 
tip of the own-aircraft predictor vector for reference in performing the spacing 
task. (See fig. 3(b).) 


Air Traffic Scenario 

Tlte air traffic approach patterns modeled in this study were based on typical 
approach profiles used by jet transport aircraft for landing at Stapleton 
International Airport as of April 1981, As with othar high-density terminal area 
airports* Stapleton's capacity is limited at peak periods* requiring flow control* 
holding patterns, and high controller workload levels. Depending on wind and runway 
configuration in use* under visual meteorological conditions (VMC) more than 70 air- 
craft }H?r hour may enter the terminal area requiring individual altitude, speed* and 
vectoring commands from the approach traffic controllers to land on two parallel 
runways. Departures are typlcaj.ly handled on a cross runway and are generally not a 
factor for approach-aircraft apaclng. 

Approach airspace in the Denver terminal area is divided into four approach 
(Mirldors and a final approach zone* which surrounds the extended centerline for the 
primary landing runway. Figure 5 shows a view of a horizontal slice of this 
approach-airspace configvjratlon. A vertical slice of the overall approach airspace 
is shown in figure 6. The accompanying table provides a brief description of the 
five major airspace segments an aircraft will travel through during a typical 
approach. It should be noted that separate air traffic controllers are responsible 
for the aircraft in each segment. 

The "profile descent" referred to in figure 6 is a published descent procedure 
which specifies altitude and airspeed boundaries the aircraft must observe at the 
corner posts and inner way points along the approach. Once the aircraft has crossed 
a corner post and is in approach control airspace* the profile descent clearance is 
typically cancelled and the controller assumes "manual" control over the aircraft. 

It is in this region (segment III of fig. 6) where the traffic streams from the four 
corner posts must be funneled to the single final approach zone. Consequently* 
extensive speed control and radar vectoring of aircraft are required to smoothly mesh 
the arrival traffic. Even under visual conditions* aircraft are radar separated in 
the approach corridors until they are merged into the final approach zone, where the 
pilots assume visual separation responsibility. 
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Traffic flow into Danvar followa rapeatabla pattarna with "ruah” partoda of 
aahadulad atrllna traffic arriving at tha aama tlnaa each day. Typloally, thaaa ruah 
parloda aonalat of long atraama of traffic arriving at ona or two of tha cornar poata 
with only a amall number of arrivala uaing tha other approach corridor a, It ia qulta 
common for thaaa atraama of aircraft to atratch well into the an route control aac- 
tora with aa many aa 20 aircraft lined up in trail. Under thaaa ciroumatanoea, the 
apeed of each aircraft ia controllad and aach aircraft la vectored along a aimilar 
approach path. 

For the purpoaea of thla atudy, eight unique approach profiles warn flown in the 
Blmulator and recorded for use as traffic aircraft. Those profiles roprasentod the 
four standard profiles from each corner post, as well as four extended profile pat« 
terns modeled after techniques used by controllers for merging and spacing multiple 
streams of traffic. Figure 7 shows the ground tracks of these eight traffic pro- 
files. The solid lines are the standard profiles, with the dashed lines being tha 
extended profiles. It should be noted that only the short profiles from the KIOWA 
and KEAMN corner posts were modified for the extended profiles. Extensions to the 
long BYSON and DRAKO profiles would merely consist of extending the downwind segment 
in a "tromboning" manner, with no significant difference in the profile. Eight 
unique traffic scenarios were created by defining each traffic profile as the lead 
aircraft to be followed by the teat subjects and selecting three or four of the other 
profiles to be included as background traffic. The background traffic profiles were 
carefully merged with the lead aircraft profile to provide a realistic flow of the 
traffic to final approach with minimum aircraft spacing at the runway threshold. 
Departing aircraft traffic were not included in the simulated traffic scenarios. 


Task Description 

The basic piloting task in this study was a manual instrument approach into a 
terminal area environment. The test subjects were instructed to follow and maintain 
a specified separation on a lead aircraft which was being directed for landing by 
typical altitude, speed, and vectoring instructions from ATC. The only instructions 
the test subjects required from ATC were altitude clearances. The descriptions of 
the piloting task, initial conditions, and specific ground rules provided to the test 
subjects are given in appendix A. ^ test subjects consisted of three NASA research 
pilots and an Air Force research pin, assigned to NASA Langley Research Center. All 
test subjects had attended an airline training school and were experienced at flying 
the Boeing 737 aircraft. 

As described previously, the simulator used for this study was a fixed-base, 
partial-workload cockpit. It was, therefore, impossible to simulate the full- 
workload environment associated with actual operations. Previous experience had 
indicated that using the standard two-pilot crew in partial-workload simulations of 
thla type resulted in unrealistically low workload levels. For this reason, a test 
subject in this study was required to function essentially as a single pilot perform- 
ing all decision-making functions and traffic display monitoring while exercising 
total manual control of the simulated aircraft. The only tasks not required of the 
test subjects were manual operation of landing gear and flaps, tuning of radios to 
proper navigation frequencies, and changes in traffic display formats. These func- 
tions were performed by the test engineer at the verbal requests of the subject 
pi lot. 


Air traffic control communications were simulated by having the test engineer 
relay pertinent ATC commands to the teat subjects. This was done by determining the 
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elApatid time from the start of the simulation run until the lead alroraft would need 
to reaeive a command from ATC, itje times and events ware tabulated and used by the 
teat engineer for relay to the teat subject at the proper times during the run. Only 
ATC Instructions to the lead aircraft, as wall as the subject pilot's altitude clear- 
ances, were relayed to the teat subjects. This method was chosen as a compromise 
between a full-party-lina ATC simulation and not providing any information at all. 

i 

Spacing Criteria | 

The self -spacing task for this study Involved maintaining an indicated (dia- ! 

played) spacing Interval behind a lead alroraft throughout an approach to landing. ‘ 

Selection of a suitable spacing criterion is critical to the successful tmplementa- ' 

tion of such a task. The criterion must ensure safe separation throughout the i 

approach without excess separation, which would reduce the traffic flow rate into the j 
terminal area. In addition, the display of the spacing criterion should be easy tc 
implement and readily understood by the pilot. Finally, the spacing criterion must 
be achievable within the maneuvering capabilities of the trailing aircraft, i 

Past simulation studies involving CDTl self-spacing tasks have typically used a 
constant-distance criterion for spacing. This technique provides a representation of 
the required spacing Interval that is simple, direct, and easy to implement. The 
major drawback to constant-distance spacing stems from the decelerating speed pro- 
files inherent to landing approach operations. In order to maintain a constant- 
distance spacing Interval, a trailing aircraft must begin to decelerate at the same 
time the lead aircraft starts to decelerate. Assuming both alroraft have the same 
landing approach speed, the trailing aircraft will reach this speed at the same time 
as the lead aircraft but at a distance farther from the runway. iMs situation is 
undesirable from an operational efficiency standpoint, since the trailing aircraft 
would be required to lower flaps earlier than desired, take longer to fly the same 
approach, and therefore use more fuel. An obvious solution might be to provide a 
series of constant-distance spacing Intervals which would allow a decrease in separa- 
tion resulting from the deceleration profile of the lead aircraft. This becomes 
difficult to Implement and results in a spacing technique which is dependent on the 
lead aircraft following a prescribed deceleration profile. For these reasons, it was 
decided that constant-distance spacing techniques would not be suitable for the ( 

approach profiles used in this study. > 

1 

A time-based spacing criterion that has been used in previous self -spacing slmu- , 
latlon studies is the constant-time-predictor technique. This technique Accounts for 
the deceleration of the approach speed profile by basing the required spacing inter- 
val at any instant on the current ground speed of the trailing aircraft multiplied by 
a time constant. The time constant is chosen to provide a minimum safe separation 
distance at the slowest speed the aircraft will be flying during the approach. This 
technique is consistent with current electronic horizontal-situation displays, which ^ 

present time-baaed predictor vectors indicating where on the map display the aircraft 
will be after a given time Interval at the current ground speed. A possible drawback 
to this spacing technique is the potential confusion resulting from the change in 
length of the time-predictor spacing vector on the CDTl as the ground speed of the 
pilot's aircraft changes. F^rlier studies (e.g., ref. 5) have Indicated no signifi- 
cant problem with the constant-tlraa-predictor spacing technique, so it was decided to 
evaluate this technique further in this study, ; 


The second time-baaed spacing criterion used in this study is referred to as the 
conatant-tlme-delay technique. This concept essentially provides the pilot with a 
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moving rofarenoa n«irk whiah daflnaa tha daHlrad horizontal location of hla aircraft 

r«feranaa mark la a repraaantatlon of whera tha leading alr- 
baan iQoatad on the horizontal map a constant time Intarval aarllar. In 
A rafaranca, tha pliofa aircraft traoka tha aama 

aircraft with a tlma delay In daoaleratlon aqual to the 
salectad oonatant-tlma-delay Intarval. Figure 3(a) llluatrataa tha display format 
used for this spacing technique, ihe apaclng rafaranoa mark, referred to aa the 
spacing command bar, was a perpendicular line drawn through the desired point on the 
path of the lead aircraft whera tha pilot’s aircraft should be located. Tto tJie side 
iLd the previous altitude and ground speed of the 

frim ^ ftpproach path. Hie time predictor vector extend- 

ing from the own-aircraft symbol was retained as an aid In horizontal path following. 

RESULTS AND DISCUSSION 

A total of 84 simulated approaches were flown by the 4 test subjects In this 
study. Of these approaches, 20 were practice runs, 59 were good data runs, and 
5 runs were lost because of various problems encountered which were not related to 

piloting task. Table I shows the matrix of teat conditions, with 
the 59 runs which were used In the data analysis Indicated, 

The results obtained from this study are divided Into two basic categories, 
namely, the tracking performance achieved by the test subjects throughout the 
approach and the accuracy with which the aircraft was delivered to the runway thresh- 
old by use of the CDTl self -spacing techniques. Hie discussion of these results 

the performance achieved by the test subjects in conducting the in-trall 
comparison of the two spacing techniques, the pilot opinions of 
the CDTI display formats, and the implications on pilot workload. Hie part-task 

precludes any detailed analysis of full-mission operational 
factors or effects on ground-based ATC resulting from the CDTl self-spacing task. 


Tracking Performance 

Analysis of the tracking performance achieved by the test subjects required an 

deJi^tion^or^h® longitudinal spacing between aircraft and the lateral 

deviation of toe pilot's aircraft from the desired horizontal path. Since the teat 
subjects had been Instructed to follow toe horizontal ground track of the lead 

a shortest distance betSLn the pilot's 

aircraft and the trailing path of the lead aircraft. The distance (projected In toe 
horizontal plane) along the trailing path from the location of the lead aircraft to 
toe point on toe path nearest to the pilot's aircraft is defined L the Jo^g^^Jinal 
spacing. Hte spacing numbers used In the dato analysis thus represent a projected 

IlJcMft* path rather thar tha straight-line distance betweL the 

aircraft, ^fining spacing in this manner provides a more representative measure of 
•pacing performance for path-following situations and facilitates analysis of 
multiple approaches along the same described path, ^ 

Hie time-based spacing techniques used In this study provided the pilot with a 
“I*® throughout toe entire approach. This cue was a graphical indica- 
5 spacing situation presented on the CDTl. Figure 8 illustrates the actual 
spacing, desired spacing, and spacing error for the conetant-tlme-predlctor and 
constant- time-delay spacing techniques. As noted previously, these distances are 
measured along toe horizontal ground track of the lead aircraft. 
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HUM vrtluPH (if IruHcAtiiiy nuir® «oour«t« iipACflnij parforri«n(3* aohlavad 

ualuM tIitH 

Tl»a tumfidaiuja Intavvttla oalimlfttat) for tha inan» of tha avaraqa trnoklnq 

KirrorH and flio manu of tha rnw lataral tracjkinu arrorn durlnq tha tliraa approach 
Maqniaiifrt ara praaaiUad tit flqura 11. (kica aqaln. tha Intarvala wara oaloulatad at 
r.ha ‘)ti-paroaitt noitfldanoa laval In tha aama ranniiar aa tha apaotiui arror oonfldanoa 
t ntar villa • 

Tabla in praHoiit.M tlia raaulta of t-taata of tha lataral trackinq arror data for 
tha two apaoluq t,m;hnlq«aH. No aliiiilftoaiit diffaranoea Itatwaon tha two taohnlquaa 
ara liuUoatad In olthar avoraqa lataral traokiny arror or rma lataral tracHiny arror, 
Thu rmw lateral traokiny error durtny Beyinent 2 has the laryast t-valua, Fly- 
ure 11(b) also Indloates a laryer confidence interval for tlte mean of the rma lataral 
traokiny error for the cnt technique in that seyinant, 'rtioHe reHulta snyyast a jiOBSi- 
blo differnnotj in lateral traokiny accuracy duriny aeyinent 2i luweveri the data from 
this study do not Indicate any siynifioant differences. 

Pilot comments and ratlnys of the display formats were obtained followiny each 
simulated approach. Hie pilots were asked to rate the suitability of the display 
format for liorformlny the path-followlny and self-spaciny tasks usiny the ratlny 
scale yiven in appendix A, A ratiiui of 3 or leas indicated the display format was 
satisfactory, with a ratlmi of 1 beiny the most desirable, A ratlny of 4 to 6 indi- 
cated the display was still accei>table, althouyh raodlflcatioim would Iw required to 
make it satisfactory. A ratinq of 7 or yreater Indicated major shortcomings result- 
ing in a totally unacceptable display. 

The results of the pilot ratlmis of display suitability for the solf-spacing and 
path-following aspects of the tracking task are presented In figures 12 and 13, H\e 
constant-tlme-dolay format received better overall ratings for the self-spacing task, 
with the cons taut- time-predictor format liaviny a slight edge for the path-followlny 
task, iVJth display formats received acceptable ratings j however, a large percentage 
of the ratings indicate some unsatisfactory aspects of the displays. Pilot comments 
and response's to the questionnaire given in appendix A were obtained to determine 
reasons behind the subjective ratintis, 

h major objection raised by two of the test subjects was the lack of (luldance 
Information present in the display. Hiey would have preferred a spacing cue that 
told them what to do (e.g,, slow down or speed up) ratlier than merely what the spac- 
ing error was. Hie constant-tlmo-predlctor format was cited as eapeclally needing 
this type of guidance since changes in the pilot's ground speed directly affected the 
displayed spacing error, and proper spacing strategy was not always obvious. Hie 
othtM- two t»'st subjects liked the situational presentation of the spacing cuesj how- 
ever, they agreed the workload Involved with that tyixi of display was high when cou- 
pled with the manual flight-control task. 

Minor objections to the displays involved clutter and the excessive time 
required to extract the desired informaHvin from the display. Color coding of the 
symbology was cited as a method to improve the display and to enhance readability. 

Hie discrete uixlate of traffic posltloiis at 4-sec intervals was cited as a prime 
factor in the excessive dwell time required to extract spacing information from the 
display. Tills problem was especially noticeable because the display was located In 
the weather radar tHisition and thus outside the pilot's primary scan, A faster 
H|Hlate interval for the traffic was sug(|ested an a method to lower the C-’OTI dwell 
time requiremc'iilH. Pilot comments further indicated that the constant-time-delay 
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f >rwt fopused their attention on their own-airgraft aymbol and radwoed the amount of 
prediotlve path information obtained from the dlaplayt 

Rt thia point it ahouid be noted that many of the pilot ohjeotiona ware related 
to the manual control ayetem of the aimulator, The primary objeotlon waa to the 
hlgnly aenaitiva nature of the control ayatem, which required a very minor control 
input to produce a reapnnae* Althouqh the hlqh aenaltivity of thia ayatem had been 
aomowhat of a problam in previoua atudiea, tha addad workload raaultinq from the 
oharaoteriatiga of thia control ayatem waa oonaidared a poaitiva factor in thoaa 
atu(Uea becauee it cumpenaated for reduoad workload atamminq from the part-taik 
nature of the aimuletlont In the current atudy, the approach taak waa more compli- 
cated than in the previoua Half-apacing atudlaa, and the aenaitlvity in the aimulator 
control ayatom presented the pilot with e very high workload. At tha ooncluaion of 
the atudy, pilot commenta were aoliclted conoorning the effect of the control ayatem 
on their performance. These commenta indicated that the overall piloting workload 
did not preclude aaBeaaroent of the display formate or of tha aelf -spacing task. 

Thera waa some concern about tha abaolute spacing and tracking performance achieved 
being worse than would be tha case under two-crew-momber operationa with a good air- 
plane control ayatem. All the teat subjects stressed the need to evaluate CDTI self- 
spacing under more realistic conditions. 


Dexivery Accuracy 

The delivery accuracy achieved using the self-spacing techniques was measured in 
terms of the time Interval between the lead aircraft crossing the runway threshold 
and the trailing aircraft arriving at the runway threshold. Tbls time Interval, 
referred to as Interarrlval time (lAT) , is frequently used as a parameter in defining 
arrival capacity for a particular runway. More specifically, the less the lAT varies 
from the mean lAT, the shorter the mean lAT can be for an equivalent level of safety, 
figure 14 illustrates this effect of lAT dispersion on runway arrival capacity. As 
shown, for a given minimum allowable lAT, the mean lAT of a distribution r« times 
with a low dispersion can be less than the mean of a distribution with a higher dis- 
persion, Since a shorter mean lAT results in an increase in arrival capacity, it is 
desirable to minimize the dispersion of lAT (ref, 7), 

The self-spacing techniques evaluated in this study provided the pilots with 
time-baaed spacing cues. Ihe time constant associated with the spacing cues is 
directly related to the desired lAT between the lead aircraft and the pilot's air- 
craft, The time-delay Interval of the constant-time-delay spacing technique (00 cec 
In this atudy) is equal to the desired mean lAT, assuming both aircraft fly the same 
final approach speed. Aircraft with different approach speeds would need to adjust 
the time-delay spacing interval in order to achieve a consistent mean lAT, The lead 
and the trailing aircraft in this study flew the same final approach speed, thus 
simplifying the analysis of delivery accuracy for the constant-time-delay spacing 
runs. For the constant-time-predictcr spacing technique, the time constant is also 
equal to the lAT, assuming the alrcratt maintains its final speed after the lead 
aircraft crosses the threshold. Therefore, the desired lAT for all approaches in 
this atudy is equal to the time constant of 80 sec used for both self-spacing 
techniques . 

Histograms of the actual lAT's obtained from the simulated approaches are pre- 
sented in figure 15, The distribution of times from the constant-time-delay spacing 
runs exhibit a mean lAT of approximately 1 sec greater than the desired time of 
80 sec, with a standard deviation of 8 sec. The constant-time-predictor distribution 
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hAN • Ahift of nAsrly n «ao In WAan lAT with a atandard davlation of approxlmataly 
7 aao. Applying a two-tailad t-toat to tha lAT diatrihutiona ravaala a atatiatloally 
aignif leant diffaranoa hatwaan tha mean lAT*a of tha two apaolnq taohnlquaai Pooling 
tha atandard drvlationa of tha two diatrihutiona raaulta in a t"valua of 5i208 oom- 
parad with a tabla valwa of 2.66S tor tha two-tailad t-taat at a algnlfioanco of 
1 paroant, Thla ahift in tha maan lAT for tha oonatant-tlma-pradiotor apaoing taoh- 
niqua prompted a oloaer avaUtation of the two apaoing tachniquaB* 

Speed profilan and tha raaultant apaoing tima hiatoriaa for ideal followino of 
the aane load aircraft uaing Voth cone tont-tlme-do lay and oonBtant-tlme~,.radiotoi 
apaoing technlguoa woro caloulatad for each of the eight lead aircraft prof! leu* 
Appendix h daecrlhea the equations used for calculating theno Ideal prof ilea • Fig- 
ure 16 presents an example of the speed-profile and spacing time histories for ideal 
following of a typical lead aircraft for both apaoing techniques. The ideal conatant- 
time-delay speed profile is Identical to the profile of the lead aircraft with a 
shift in time equal to the spacing time constant (80 sec In this case). The ideal 
oonstant-tlmo-p»,edlctor spoed profile, on the other hand, is characterized by early 
deceleration with relatively smooth and shallow deceleration rates. As a result, 
when the load aircraft crosses the runway threshold, the trailing aircraft, following 
the speed profile for Ideal cons tant-tlme -predictor spacing, is at a higher speed and 
has a greater spacing interval than would be the oase with the constant-tlme-dalay 
spacing* The aircraft using constant-tlme-pradlctor spacing must continue to the 
runway threshold at this final value of ground speed in order to arrive at the 
desired lAT. Since the aircraft is constrained to a specified landing speed » t must 
depart from the ideal profile and decelerate to landing approach speed, 'flle result- 
ing Increase in time is a problem which is inherent to operational use of ihe 
conatant-time-predlctor spacing technique. 

Operationally required ideal speed profiles were calculated for constant- time- 
predictor following of the eight lead aircraft profiles used in this study* l^ese 
"ideal" profiles were identical to the profiled calculated with the equations in 
appendix D up to the time when the xead aircraft crossed the runway threshold. At 
this point, the aircraft were assumed to make a nominal 1 knot/sec deceleration to 
final approach speed. Prom these profiles, "operationally ideal" lAT'a were calcu- 
lated. The table below gives these lAT’s for both the constant-time-predictor and 
the constant-time-delay spacing techniques for the eight lead aircraft profiles. 


Lead ail craft 

Operationally ideal XAT, sec, for ■* 

Constant-time-delay technique 

Constant-time-predictor technique 

1 

80 

.0 

85.7 

2 



92.1 

3 



91 .7 

4 



87.5 

5 



87.0 

6 



87.6 

7 



90.5 

e 



86.4 
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of th««a opaMtionAUy Idwl tinw«. ^ dSinai In Urmi 

JJrm l;"*" for «aoh approaah. Thaan arJor *" ^‘*•*1 

form in flgura 17 for both apaSng taohnlouIJ plottad In hUtogram 

MtS* °^*J*nt-tima-pradlotor data in\lgura*i 5 ^h*a*J^* Praaant 

°°"®*'®"^"*=^'"*“P»^«dlotor and LSI tint- •Umi- 
■ Ught ahlft In mean lAT error, with oonatanf *•< teohniquee exhibit a 

Imately 1,5 aec greater than the •'^>^ 0 ^ b«ing aporox- 

deviation for the two “LJi!iiro^d?8Siii;LLL^rii nr 

tailed t-tast for theae lAT-error dietrlbutirtna 4 *a t-value from the two- 

oant dlfferenoe In mean iAT*a betwean *. 1 ,^ ^ ”1, indioatas no eignifl- 

the inherent Inoreaae ^«^te 

is reaponalble for the bulk of the mean lAT aLft noLd 

lower standaL’^devntlL^nrtL^Inatnrti^^*^^ figure 17 indicate a allghtly 
appeAts to bo oontradietoty to th. toohnlquo, ais taait ^ 

data analyola ..otlo„: ttJt f«for™ic.- 

in spacing accuracy uaing the constant 1 aignlfloant advantage 

table I,), .m, re„on ?or thla «™~:t tecbnlqu. (fig, „(b, ““®* 

error was defined In the spacing wformanoe aefw'f°‘' "*an«r In whioh spacing 

error values were referenced to tST ”> »- “• apaclng ’ 

the constant-tlee-delay technique represeM»^thr!otLf““' «t«r for 

Idea spacing location. Etor the connant-S»To~af J "“ance from the 

spacing error represents the actua' error iS ^ the displayed 

only if the trailing aircraft Is at “^ 00 ^ l°tatlon 

equation (5) In appendix B* Therefore any varixt. al following os defined by 
profile for Ideal following would resni t ^ ^ ®>^iations in speed from the speed 
whioh do not spacing error 

in lAT errors shown in figure 17 indicatf altuf? I ^ location, since the dispersions 

11 ^"appropriate to compare thlse rellltnitl!^f.l’'’^^f® spacing, 

results for the constant-time-predictor spacino displayed spacing error 

son of spacing performance for the two SDlclno^tAlh^Y^'*'^®* addition, the compari- 
table II is applicable only to dilplayed^lolcin^ ^ presented in figure 11 and 

comparison of spacing performance in terms of aLuIl IoIir® represent a 

delivery accuracy. Such a comparison k.. ™ spacing errors as represented bv 

the difference between actual spacing location and spacing error as 

resulting from ideal following. -^o^ation and the desired spacing location 

«T "*a""er as the^analLis*^ordiIplayId*lM^ spacing was performed 

section. Figure 18 shows SI presented in the 

calculated for the means of the average ideal confidence intervals 

spacing errors during each of the thrle aoIlL^r ^ ^ **"« l<*eal 

,^-:?®^"®tween the tL spacing LchLlLe'^rre^ S^^^^^ ^® 

analysis reveal no significant differences in anaoln^” table iv. The results of this 
^acin-; techniques when the spacino error performance between the two 

Therefote, although there is a sigIificLt^dlffflII!l°®l ^\^^® «Pacing profile, 

accuracy achieved using the two spIcinTLoh f displayed spacing 

cant difference In ectLl deJr^reccureTS^^d'^f' “> '» “‘^nifl- 

pcedlccor or the conetant-tlme-delay spacing. aalng either the constant-tine- 
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CONCLUSIONS 


h piloted slmulAtion wan aonduoted to avAluAta two tlmo’'bANNd NOlf"ApAoln9 tAoh- 
nlquAN uNlng a oookplt dlAplAy of traffio InfortMtlon (CDTX) during Approach to land- 
Ing in a tarmlnal Area vaotorlng envlromnent« The following ooncluNlorii are baaed on 
the reHUlta of thin atudyi 

1 « Ihe information provided by the CDTX proved to be adequate for the teat aub- 
jecta to follow the approach path of a preceding aircraft in a high"denaity terminal 
area without the aaaiatance of ground air traffic control. 

2. Pilot commenta indicated that the 4-aec update Interval of the traffic loca- 
tions on the CDTX. coupled with the location of the display out of the pilot's 
primary scan, resulted in an increase in dwell time on the CDTX which would not be 
necessaiy if the traffic were updated at a faster rate. Further comments suggested 
that an autopilot and/or additional spacing guidance information are desirable to 
lower the overall workload associated with the approach and self -spacing tasks. 

3* Ihe spacing cue implemented for the constant-time-delay spacing technique was 
found to produce a significantly lower dispersion in displayed spacing error, kctual 
spacing accuracy, measured in terms of deviations from ideal spacing, was not signif- 
icantly different for the two spacing techniques. The pooled standard deviation of 
interarrival times at the runway threshold for the two spacing techniques was 
7.6 sec, 

4. The mean interarrival time achieved at the runway threshold using the 
constant-time-delay spacing technique was 80.9 seo with a standard deviation of 
8.0 sec. The ideal interarrlval time was 80.0 sec. 

5. The constant-time-predictor spacing technique, as implemented, produced an 
inherent slow down in the overall speed profile of the trailing aircraft* The result 
was a mean interarrlval time of 91.0 sec with a standard deviation of 6*9 seo* The 
desired interarrlval time was 80*0 sec. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
February 25, 1983 
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PILOT INSTRUCTIONS AND QUESTIONNAIRE 
Pilot Inatruntiona 

rnJar locstlon to follow * mounted In the wenther 

ally coiitrolUnq your own nlrcrnft * preceding aircraft while manu- 

by altitude, .peed, and vectoring in.tructionrf^rMr?rJSJir^ntiol'’I^"^ 
reprenentative of current Denver approach procedures^ Control in a manner 

and provide you with altitude clearance aa^neoesaary! monitor your approach 

Initial Conditiona 

and maintain 11 000 ft altitude while follow! nn have been cleared to descend 


Specific Ground Rules 

ap.cl,„j are not ,.er»ltt.O unl.nn required to prevent . haenrdoreltaetlo" 

^ iill bT^ir.ntLT^f ^ ^«>^ing this study. His functions 

Will be limited to the manual taaka of operatina the fiAna m»a 

request and inforininq you of ATC inatructionn ^ j your 

you are foUo«ln.t. He »lll not analerj^n ^ '"Jv"'' 

liwtriienntn. "““‘“t yp» In monitoring the CBTI or fUqht 

3. landing gear and flap alrapoed llmltatlonn aliould he etrlotly observed. 


Pilot Rattnu Scale 


Use the followintt scale to rate the sultehiiifu *>v.w 4 d e „ 
path.f„Uo»lng and eelf-apaolng tank, ton.»,l"I:‘i“* eLoUUor™^ 


Category 

Description 

Numerical 

rating 

Satisfactory 

Excellent 

Good, negligible deficiencies 

1 

0 


Pair, ml Id deftclencleB 

3 
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APPSNOIX h 


Category 

Description 

Numsrioal 

rating 

llnaatiafactory 

Hincr defioienoiea, moderate pilot compenaa' 
tion required 

4 


Moderate deficiencies, considerable pilot 
com))enaation required 

5 


Very objectionable deficiencies, extensive 
pilot compensation required 

6 

Unacceptable 

Major deficiencies, required informetion ia 
too difficult to extract 

7 


Major deficiencies, required Information is 
not provided 

e 


Major deficiencies, displayed information is 
misloading 

9 

Har.ardoua 

Major deficiencies, displayed information 
will result in a haeardoua situation 

10 


Pilot Qtiffwttonnutrw 
Diaplny ^oationH 

1. the trail of paat iwaltion tiota loft by the aircraft you wore following 
provide you with adequate information to accurately follow the i>ath of that 
aircraft? 

2* Comment on the ahortcominga of t)ie diaplay for the path-following taak and 
improvemeivta you feel would be beneficial* 

3, Did the time predictor apacing criteria provide you with adaguate information 
to accurately aelf -advice on the target aircraft? Comment. 

4* Did the time delay apacing criteria provide you with adequate information to 
accurately ae If -apace on the target aircraft? Comment* 

S* Do you feel a diaplay auch aa thin would be acceptable for operational aelf- 
aj)acing and following in a terminal-area environment? Rlaborate* 


Piloting IViak and Workload Queationa 

1. What effect did the location of the CDTl have on your ability to carry out 
the piloting taak? 

2* Ik) you think the workload aaaociated with flying a manual approach in thia 
almulator waa reprenentative of that aaaociated with flying a P-737 on an 
Its approach into a terminal area auch an Denver? If not, explain the 
difference* 


IS 



APPENDIX A 


3 . 


Did tha fixad"bAaa (i.a,, 
affaot your performanoa? 


no motion cuaa) natura of tha aimulator advaraaly 
Explain. 


4. 


Do you think an operational autopilot, 
B-737, would have made a algniflcant 
Explain. 


auch aa the one available on tha 
dlfferanoe In your parformanoa? 


5, What auggeatlons do you have for Improving future 
simulator such aa tha one used in this study? 


diaplay studies 


utilising a 
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APPENDIX B 


IDEAL SPACXNQ PERFORMANCE 

The self-apacing task in thia atudy involved maintaining a apeoified time-baaed 
apacing Interval behind a preceding aircraft. For a given lead aircraft apeed pro- j 

file there ia a correaponding unique apeed profile for the trailing alrorift which 
allowa maintenance of the deaired apacing time interval throughout the entire ^ 

approach. Ihe purpose of this appendix is to present the baaic equations which were I 

used with the constant-time-predlctor and the constant-time-delay spacing techniques 
to calculate the speed profiles for ideal following of the eight lead aircraft used 
in this study. 


Constant Time Predictor 

The desired spacing Interval for the constant-time-predictor spacing technique 
at any point along the approach is equal to the distance the aircraft would travel at 
its current ground speed for the time Interval specified by the spacing time constant 
The actual spacing interval is equal to the horizontal distance between the two air- 
craft along the common ground track they are following. These spacing intervals can 
be written mathematically as functions of time as followst 



O) 

Sa(t) - r^(t) - r^{t) 

(2) 


where 

S^{t) desired spacing interval 

T spacing time constant 

c 

V^(t) ground speed of pilot's aircraft 

S.(t) actual spacing Interval 

r^(t) ground range of target aircraft from common reference point 

r^(t) ground range of pilot's aircraft from common reference point 

Ideal spacing is achieved when the actual spacing interval is equal to the 
desired spacing interval, as follows! 


APPENDIX B 


'Fhani 


Tq V^Ct) - r^(t) - r^Ct) 


Uii<. -. , •, ■■ ., ■ < 

OF POOR QUMU’-J 


<4) 


Differentiating aquation (4) and arranging terms yields 


dV^(t) 




v^(t) 


where 


V^(t) 

o 


dr (t> 
o 

dt 


(5) 


V^<t) 


dt 


Equation (5) Is now a linear first-order differential equation which can be 
solved for V (t). Since the speed profiles of the target aircraft are known, time 
histories of °V^(t) can be generated through a simple numerical solution of 
equation (5). 


This technique was used to generate a unique speed profile for ideal constant- 
tlme-predlctor following of each target aircraft used In this study* Once the target 
aircraft crossed the runway threshold, the pilot's aircraft continued at its final 
value of ground speed until It reached the runway threshold* 


Constant Time Delay 

Speed profiles for ideal constant-time-delay following are much simpler to 
obtain* Hie desired spacing interval is solely a function of the approach profile of 
the target aircraft* The separation equations for this case are given by 


Sd(t) - r^(t) - r^(t-Tjj) (6) 

and 

Sg(t) - r^(t) - r^Ct) (7) 

where Tp is the spacing time constant, setting actual spacing equal to desired 
spacing yields 


S^(t) « Sjj(t) 


( 8 ) 
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And 


Thfir«for*, 

ro(t) - r^(t-Tjj) 

DlfforenttAtlmi yl«*lda 


omaNAi m 

OP POOR QUALITY 


Vjj(t) - V^(t-T,j) 


< 9 > 


( 10 ) 


•rtie aiwed profile for ideel constent-tlmo-delay epecinq deeicrlbed by equa- 
tion (10) is seen to be simply tlie speed profile of the tarqet aircraft shifted in 
time by the spacing time constant* Ideal a|x»od profiles for conatant-tlmo-delay 
following of each of the target aircraft in this study were determined in this 
manner. 
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table II.- t-VALUES FOR SPACING PERFORMANCE COMPARISON 


Approach 

segment 


CTP spacing 


Standard 

deviation 


CTD spacing 


Standard 

deviation 


Average spacing error# n.mi. 


t- value 


rms spacing error# n.mi. 


134 0.164 

210 *303 

175 .237 


“Assumes unequal population variances (ref. 6). 
^Indicates i -percent significance level. 
^Indicates 5-percent significance level. 
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TABLR II I.- t-VW^tlRS FOR WTRRM. TRACKINQ 
PRRPORMANCR COMPARISON 


ApproAch 

aegrnent 


j CTP ipacing 

CTD apaoing 

Mean 

Standard 

deviation 

Mean 

Standard 

deviation 


t~valua 


Average lateral tracking error, n.inl. 


0 . 


0.091 

.080 

.027 


0,011 

-.037 

.002 


0.091 

.079 

,011 


rms lateral tracking error, n.mt. 


0.105 

0,051 

0.103 

0.051 

.152 

.050 

.186 

.110 

.016 

.037 

.013 

.017 


*A 0 BUme 8 unequal population variances (ref. 6) 


TABLE IV.- t-VALUES FOR IDEAL SPACING PERFORMANCE COMPARISON 


approach 

segment 


CTP spacing 

CTD spacing 

Mean 

Standard 

deviation 

Mean 

Standard 

deviation 


t- value 


0.036 

,102 

.115 


0,105 

.252 

.277 


0.079 

.117 

.114 


rms spacing error,” n.mi. 


0.123 

.264 

.249 


0.164 

.303 

,237 


0.083 

,190 

.119 


Assumes unequal population variances (ref. 6) 
Referenced to Ideal profile. 
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Pl 9 ur« 1 «- Simulator cockpit with cockpit display of traffic information (CDTI) • 
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Figure 2.- Map display format. 


24 





ORIGINAL E A' J'. Vi 
OF POOR UUALirY 


Altitude relative to own aircraft 


Below 


Above 


Trend vector 
(Speed and track angle) 

Actual position of 
represented aircraft-^ 


V 


Past position 



Figure 4.- Traffic aymbology for Information provided to pilot. 
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Approach 

airspace 

segment 

Altitude; 

Typical distance from runway: 
Responsible controller 

Significant 

events 

I 

Above 24 000 ft; 

Greater than 80 n . ml . ; 
High altitude en route 

Descent clearance 

II 

20 000 to 24 000 ft; 
Greater than 35 n. ml.; 
Low altitude en route 

Profile descent 
clearance Into Denver 
terminal area 

III 

11 000 to 20 000 ft; 
|0 to 35 n. ml.; 
Approach control 

Vectored to final 
approach zone 

IV 

7 000 to 10 000 ft; 

5 to 20 n. ml.; 

Final approach control 

Vectored to ILS 

V 

Ground to 6 500 ft; 
0 to 5 n. ml.; 

Local control 

Landing clearance 


Figure 6.- vertical slice fron airport eastward of 

approach airspace segments. 


test scenario 
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Lead \i/ 
aircraft 



actual spacing 
desired spacing 
Sg spacing error 


Own 

aircraft 




(a) Oonstant-time-predictor spacing. 


Lead 

aircraft 


Own 

aircraft 


(b) Constant-time-clelay spacing. 

Figure 8.- Illustration of actual spacing, desired spacing, and 
spacing error for two spacing techniques. 






Distance, n. mi. 


Figure 


9*- Illustration of three approach segments used for 
analysis of tracking performance. 




(b) rms values. 


Figure 10.- Spacing performance represented by mean values of 
average and rms displayed spacing error with 95-percent 
confidence intervals. 







Lateral tracking error, n. ml. Lateral tracking error 





Occurrence, percent Occurrence, percent 



Rating number 

(a) Constant time predictor. 


t 

{ i 



Rating number 

(b) Constant time delay. 

Figure 12.- Pilot rating of display suitability for self-spacing task 


Occurrence, percent Occurrence, percent 


’i*kl I r- K ^ • 

OF poo;? i r; 



Rating number 


(a) Constant time predictor. 



Rating number 


(b) Constant time delay, 

Fiqure 13,- Pilot rating of display suitability for path-following task 



L. 


^;;Voo» 


* 'I 

i 



Figure 14.- Illustration of effect on mean lAT resulting from lower lAT dispersion 





Interarrival time, sec 


(a) Constant-tlmQ-predlctor technique) Mean =» 91.0 aecj 
Standard deviation » 6,9 sec. 



Interarrival time, sec 


(b) Constant-time-delay technique; Mean = 80,9 sec; 

Standard deviation ■ 0.0 sec. 

Flqure 15,- Histograms of interarrival times achieved using constant- 
tlrae-predl.ctor and constant-tlme-delay spacing techniques. 




37 


OBiQlNftl. a 

Of POOH QUfturr 


\H. 


\ H., 


Lead aircraft^ 
crosses threshold 


Time, sec 


(a) Speed profiles. 




Occurrence, percent 


0 

Interarrival-dnie error, sec 

[li) Cons tant-timo-predlc tor technique; Mean - 2.4 sec; 
Standard deviation - 6,4 sec. 


50 - 
40 - 
30 - 
20 - 



-30 



InterarrWal-time error, sec 


(b) Constant-time-delay technique; Mean « 0.9 sec; 
Standard deviation « B.O sec. 

Figure 17.- Histograms of interarrival- time error for constant 
time-predictor and constant-time-delay spacing technique. 





Spacing error 



